Microbial degradation of organic wastes entails the production of various gases such as carbon dioxide (CO 2 ), methane (CH 4 ), nitrous oxide (N 2 O), and carbon monoxide (CO). Some of these gases are classified as greenhouse gases (GHGs), thus contributing to climate changes. A study was performed to evaluate three methods for quantifying GHG emissions from central composting of garden waste. Two small-scale methods were used at a windrow composting facility: a static flux chamber method and a funnel method. Mass balance calculations based on measurements of the carbon (C) content in the in-and out-going material showed that 91-94% of the C could not be accounted for using the small-scale methods, thereby indicating that these methods significantly underestimate GHG emissions. A dynamic plume method (total emission method) employing Fourier Transform Infra Red (FTIR) absorption spectroscopy was found to give a more accurate estimate of the GHG emissions, with CO 2 emissions measured to be 127±15% of the degraded C. Additionally, with this method, 2.7±0.6% and 0.34±0.16% of the degraded C was determined to be emitted as CH 4 and CO. In this study, the dynamic plume method was a more effective tool for accounting for C losses and, therefore, we believe that the method is suitable for measuring GHG emissions from composting facilities. The total emissions were found to be 2.4±0.5 kg CH 4 -C Mg -1 wet waste (ww) and 0.06±0.03 kg N 2 O-N Mg -1 ww from a facility treating 15540 Mg of garden waste yr -1 , or 111±30 kg CO 2 -equivalents Mg -1 ww.
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Introduction
Composting has become a common treatment option for garden waste in the European Union (EU). Out of approximately 2000 large commercial composting plants in the EU, 40% only treat garden waste (Barth, 2008) . Garden waste composting in open windrows is state-of-the-art in all the EU countries and is nearly the only composting technology in Finland, Denmark, France, Ireland, and the UK (Barth, 2008) .
Official statistics on garden waste generation quantities in the EU are scarce. This is partly because some countries do not report generation of garden waste and in some countries garden waste and household food waste is collected as a mixture termed "biowaste" or VFG (Vegetable, Fruit, and Garden) waste. However, rough estimates indicate that the quantity of garden waste composted annually has increased substantially over the past decade (ECN, 2008) , suggesting an increasing trend that is likely to continue into the foreseeable future. Unofficial data from EU countries indicates that garden waste collection and composting between 2002 and 2008 has increased by approximately 100% (4 million Mg in 2002; 7 million Mg in 2005; and 8 million Mg in 2008 (ECN, 2008) ).
Detailed, quantitative studies on garden waste composting are few and, as a result, the benefits and disadvantages of composting have not been well quantified. Qualitatively, the primary benefits of composting are that mature compost can be used as a natural fertilizer in agriculture or as a conditioner to enhance structure of agricultural soils, thereby reducing reliance on industrial mineral fertilisers and/or peat. The main potential disadvantage is generation and emission of gaseous compounds such as methane (CH 4 ), nitrous oxide (N 2 O), and carbon monoxide (CO). The carbon dioxide (CO 2 ) emitted from composting activities originates from degradation of plant material and is usually accounted as neutral with respect to global warming (i.e. the global warming potential (GWP) of CO 2 is zero (Christensen et al., 2009) ). In contrast, CH 4 and N 2 O are strong greenhouse gases (GHGs) and are recognized as contributing to the greenhouse effect. The GWP is 25 for CH 4 and 298 for N 2 O, indicating that they are 25 and 298 times more potent GHGs than CO 2 over a 100 years time horizon (Solomon et al., 2007) (GWP 100 is used throughout this paper). Emission of gases is especially important from simple and common composting systems like windrows, where gases are neither controlled nor treated. Quantification of GHG emissions from composting facilities is important toward the development of technologies for mitigating emissions and improving accuracy of parameters for quantitative compost emission models. Increased availability of quantitative data on GHG emissions from composting facilities should improve comparability, consistency, and accuracy of emission data reported across various national and international databases.
The overall objective of the study was to obtain an accurate measure of the distribution of CO 2 , CH 4 , N 2 O, and CO in the pore space and emitted from a full-scale garden waste compost system. The few previous studies that have been conducted on this topic involved different gas emission estimation approaches tested at smaller scales. Beck-Friis et al. (2001) and He et al. (2001) (the latter measured only N 2 O) utilized bench-scale experiments, while Beck-Friis et al. (2000) and Hellmann et al. (1997) completed pilot-scale experiments. Hellebrand (1998) combined transport modelling with pilot-scale experiments. Collectively, these studies showed that CH 4 is produced during composting of organic waste even under well aerated conditions, suggesting that emission of CH 4 cannot be avoided in garden waste compost systems. The largest emissions of CH 4 occurred under thermophilic conditions. N 2 O was also detected in the aforementioned studies, but primarily under mesophilic conditions. We for the first time quantified the emissions of gases at a full-scale windrow composting facility (Århus, Denmark) by three methods: static flux chamber method, funnel method (small-scale methods), and a dynamic plume method covering the whole site (total emission method). Additionally, a simple transport model, using pore space concentrations as input parameters, described by Hellebrand (1998) , was tested for the full-scale composting system. The three methods and the transport model were tested at the same facility to allow a direct comparison of performance results. Herein we describe the distribution of GHGs inside the compost pore space and the quantification of emissions of these GHGs.
Materials and Methods
Measurements were collected at the full-scale windrow composting facility in Århus, Denmark over the course of multiple sampling events completed between June 2006 and April 2008. The Århus facility primarily receives garden waste from the commercial gardening industry, as well as residential gardens. The garden waste is sorted, shredded and placed in compost windrows working in an eastward direction such that the oldest windrow is located at the eastern terminus of the facility, and the youngest windrow is located at the western end of the facility (see overview picture in Fig. 1, A) . The age of each windrow is determined from its date of construction. At any time during a given year, the facility has 8-12 windrows that are approximately 115 m long, 9 m wide, and 4 m high. The composting time is 10-14 months depending, in part, on the frequency of turning, which is typically completed every second month via a front-end loader.
Compost sampling and analysis of carbon and nitrogen
Quantities of ingoing and outgoing waste at the composting facility were routinely recorded by the facility staff (Affaldscenter Århus, 2007) . In 2007, the facility treated 15540 Mg of garden waste and produced 10530 Mg of mature compost. Solid samples were collected eight times throughout the year (twice per season) from the ingoing material to determine the carbon (C) and nitrogen (N) content. The sampling was performed based on Theory of Sampling (Gy, 1998) and included sampling of up to 20,000 Mg garden waste and subsequent shredding and size reduction to 5 g laboratory samples. The sampling method was validated using an elaborate sampling scheme (Boldrin et al. 2009b) to ensure that none of the splitting and size reduction steps significantly compromised the representativeness of the final sample. The outgoing material (compost) was much more homogeneous and was grab sampled five times during the year using a large number of increments (more than 30) to reduce uncertainty. The procedure is described by Andersen et al. (2009) . Samples (two replicates of each sample) were collected and analyzed for C and N in the months of June, September, and November 2006 and January, March, April, May, and August 2007. In addition to C and N, the sample analyses included total solids (TS) and volatile solids (VS), and analyses of a range of other compounds performed at a certified commercial laboratory (ALS Scandinavia AB, Luleå, Sweden). The TS content was measured by drying the samples at 105°C for about 24 hours. The VS content was estimated based on mass loss after heating at 550°C for 1 hour. Samples for total organic carbon (TOC) analysis were prepared by drying the samples at 105°C for 24 hours, followed by treatment with sulphuric acid (H 2 SO 4 ) to eliminate any inorganic C, with subsequent analysis on a carbon analyser. N was determined using the Kjeldahl-N method as described in Higson (2003) .
Sampling of compost pore space
Concentrations of CO 2 , CH 4 , N 2 O, CO, and O 2 in the compost pore space were measured in order to map spatial and temporal variations of these gases during composting. Measurements were performed in March 2007 (eight cross-sectional measurements) and in April 2008 (six cross-sectional measurements). Gas probes with lengths of 2.5 m and 3.5 m were driven into the windrows in the nine monitoring points in each cross-section as shown in Fig. 1 (B). To eliminate gaseous dead space in the probes and the connection tubes prior to sample collection, each probe sampling system was flushed several times by withdrawing approximately 2 L of compost gas, over a period of two minutes, with a manual pump. This was done at each of the nine points in the cross-sections. All data points are mean values from duplicate samples.
Temperature measurements
Temperature measurements were collected by the facility staff weekly during composting. Measurements were collected approximately 1 m below the top of the compost windrows with a thermometer attached to a rod. Seven measurements were collected at each windrow (approximately 15 m between each measurement) and a mean temperature for each windrow was recorded every week.
Measurements of GHG emissions
Gaseous emissions of CO 2 , CH 4 , N 2 O, and CO were measured using two different smallscale methods and a total-emission measurement method. In addition, a simple transport model (Hellebrand, 1998) was used for comparison with the measured emissions. The three methods for quantification of GHGs are briefly described below together with the transport model.
The small-scale measurements were collected from two monitoring points on the surface of each windrow (see Fig. 1, A) . Measurement stations were located on top of each windrow because it was assumed that this location is where the major fraction of gas emission occurs. This assumption, which was expected based on the chimney effect that commonly prevails in windrow systems due to convection (Hellmann et al., 1997) , was validated at the facility through the results of flux measurements collected across a windrow (see section: "Gas emission pattern across compost windrows" in the Results Section).
The first small-scale method used was a static flux chamber method. This method was described by Beck-Friis et al. (2000) , Börjesson and Svensson (1997) , Livingston and Hutchinson (1995) , and Scheutz et al. (2003 Scheutz et al. ( , 2007 among others. Due to the flux (F Flux chamber ) of gases through the top of the compost material, the concentration of gases (C gas ) increased linearly inside the flux chamber over time, and the change in concentration over time (dC gas /dt) could be calculated. Based on the change in gas concentration and the dimensions of the chamber (V chamber /A chamber ), F Flux chamber was calculated as follows:
Two different chambers were used to measure gas fluxes (both with an air-tight roof and an open bottom); a round aluminium chamber with a diameter of 31 cm (V chamber = 0.015 m 3 ) and a squared, wooden chamber with an area of 1 m 2 (V chamber = 0.40 m 3 ). The smaller chamber was used to investigate the chimney effect locally at the windrow apex. As it covered a wider, larger surface area of the windrow, the larger chamber was used to collect a broader measure of gas flux from the windrow. The large chamber was used during sampling events in November 2007 and April 2008 (19 measurements in total; the flux from material with similar age has been averaged giving 12 measurement points in Fig. 8 ). Each of the flux measurements were performed over a period of around 5-8 minutes, as this interval gave linear responses for all gases measured. The other small-scale method is termed the funnel method. This method was developed by the consulting firm Rambøll and used to estimate ammonia (NH 3 ) emissions from compost windrows. The instrument is made of aluminium and resembles an upside-down funnel with a vent pipe attached on top from where the gases escape through. The vent pipe is approximately 1.8 m high and has a diameter of 8 cm with a narrower top to control turbulence. The funnel covered 1 m 2 at the windrow top (as the large flux chamber). The flux (F funnel ) was calculated according to Equation 2 using steady-state measurements of the gas concentration (C gas ) and the air flow velocity (v air ; values ranged from 0.09 to 0.26 m/s) in the vent pipe, as well as the cross sectional areas of the vent pipe (A vent pipe ) and funnel (A funnel ).
The dynamic funnel was used during sampling events in May 2007 , November 2007 , and April 2008 . Each of the dynamic funnel measurements were averaged over 15-20 minutes.
A dynamic plume method was used to determine the total emissions from the facility. This method combines a controlled tracer gas release with concentration measurements in the downwind plume (of the composting facility). A mobile Fourier Transform Infra Red (FTIR) system was used to measure the plume concentrations. The FTIR instrument was operated with a time resolution of 40 seconds and 1 cm -1 spectral resolution and the measuring inlet was in approximately 2 m height. For quantification of CO 2 , CH 4 , and CO, N 2 O was used as tracer, whereas for N 2 O (and CO 2 and CH 4 ) quantification CO was used. N 2 O tracer was released in four points representing each corner of the composting area. The CO was released from one central point of the area. Both tracers were released on top of the compost material at a height of approximately 5 m. The release of the two tracers occurred at different periods in order to be able to separate the natural concentrations of N 2 O and CO from the tracer concentrations. The tracer release rate was 9.6 kg N 2 O h -1 and 2.1 kg CO h -1 respectively. The natural N 2 O emissions from the degradation of organic material (natural emissions) were much lower than the total N 2 O emission when the N 2 O tracer was released. The plume concentrations of N 2 O were between 80 and 150 times higher when the N 2 O tracer was released (770 ppbv in October 2007) compared to the natural plume concentration (< 5 ppbv in October 2007). When released to the atmosphere the tracer is dispersed in the same way as the emitted gases, given good mixing conditions, and the cross plume integrated concentration ratio of the gases to tracer can be used to calculate the gas emission rate (E gas ) as follows: 
where Q tracer is the release rate of the tracer gas, C gas and C tracer denote the cross plume integrated concentrations above background (background measurements were performed prior to emission measurements), MW denotes molecular weight, and x corresponds to distance cross the plume (between 100 and 200 m for all cross plumes). Repeated plume integrations during a one to three hour period typically result in a robust estimate of average emission and variability for that time frame (including source variability and method uncertainties).
The method was developed for measuring CH 4 from landfills, as described by Börjesson et al. (2009) and Galle et al. (2001) , and has also been applied successfully for measurement of gas emissions at petrochemical plants (ethylene, propylene and ammonia (Mellqvist, 1999) ). To our knowledge, this is the first time that the dynamic plume method (and any other total emission method for that matter) has been applied on a full-scale composting facility. The dynamic plume method was used during sampling events in October 2007 (8 plume integrations with N 2 O as tracer and 3 plume integrations with CO as tracer) and April 2008 (11 plume integrations with N 2 O as tracer and 7 plume integrations with CO as tracer). This means that CO 2 and CH 4 was estimated from 29 plume integrations, N 2 O from 10 plume integrations and CO from 19 plume integrations. Each of the sampling events was performed during 2 days with approximately 3 hours of sampling per day. During both campaigns, the weather conditions were monitored carefully. On all measuring days the weather was clear skies (no rain) and average temperatures were 8-11°C (in October 2007) and 4-8°C (April 2008). The wind speed was 2-5 m/s in both campaigns coming from the NW (340°) to WSW (252°), which means that all measurements were performed east (downwind) of the composting plant. The barometric pressure was between 1000-1012 mbar during all measurements.
Apart from the three measuring methods, a gas emission prediction was made, based on a simple transport model described by Hellebrand (1998) . The model is based on concentration measurements in the compost pore space and the loss of C during composting. The measurements by Hellebrand (1998) were performed on trapezoidal heaps of garden waste with dimensions of 11 m in length, 7 m in width and 3 m in height. The mean concentration of C containing gases (CO 2 , CH 4 , and CO) (C carbon total ) and the concentration of the gases (C gas ) in the compost pore space were needed from the experimental setup. The emission rate of the gas under study (Q gas ) can be found when the emission rate of C (Q carbon ) is known (assumed to be the loss of C during composting). D gas and D CO2 are the diffusion coefficients of the gas and CO 2 respectively. According to Richter et al. (2006) , D CO /D CO2 = 1.25, D N2O /D CO2 = 1 and D CH4 /D CO2 = 1.66. The relationship is:
In the study by Hellebrand (1998) , the transport model was used on a system with other dimensions compared to this study and the conditions are therefore slightly different.
Analysis of the gases
The gas samples taken from the compost pore space were analysed in the field for CO 2 (calibrated for concentrations <1%), CH 4 (calibrated for concentrations <2%), N 2 O, and CO using a photo acoustic gas monitor (INNOVA 1312; Lumasense Technologies A/S, 2750 Ballerup, Denmark). The advantages of this instrument is that it measures on location in real time, has high accuracy over a broad concentration range and only one calibration is necessary per year (calibration is done by the producer). The inlet is equipped with a water filter (Genie membrane separator, A+ Corporation, USA) that ensures that no moisture is transferred to the measuring chamber. The detection limits were 1.5, 0.4, 0.2, and 0.03 ppmv for CO 2 , CH 4 , CO, and N 2 O.
Samples were also collected from each sample station with a syringe and transferred to a vacuum vial (5 mL Exetainer glass vials) and subsequently analysed in the laboratory on a micro-gas chromatograph (GC) (CP2002P; Chrompack, Bergen op Zoom, The Netherlands) for CO 2 (>1%), CH 4 (>2%), O 2 , and N 2 . The instrument was calibrated before measurement for 1-100 % CO 2 and 2-100 % CH 4 .
The flux and funnel measurement samples were analysed in the field for CO 2 , CH 4 , N 2 O, and CO by continuously sampling with a 1 minute interval using an INNOVA 1312. The measurements of GHGs using the dynamic plume method were performed using FTIR absorption spectroscopy (Bomem MB104; Galle et al., 2001) , calibrated for CO 2 , CH 4 , N 2 O, and CO.
In total, 2x126 gas samples from the compost pore space were analysed and 38 measurements (more than 500 gas samples) were performed with the small-scale methods. The dynamic plume method was used during two sampling events and a total of 29 plume transect measurements were performed.
Results
Mass balance for C and N based on analysis of compost material Table 1 shows the average annual inputs and outputs of the total amount of material, TS, VS, ash, C, and N contents (based on 2007). The ash content was more or less the same in the input and output material. The TS, VS, C, and N content decreased presumably due to degradation of organic material. The mass loss to air was 28% and the loss of VS was 56%, which was equivalent to the percentage of C degraded during composting (loss of 1379 Mg C out of 2465 Mg C). The degradation of N was 8% (loss of 4.3 Mg N out of 53.9 Mg N). The mass, C, and N flow analyses were described in detail by Andersen et al. (2009) . The difference between the total input and output does not necessarily entirely equate to gaseous loss, as other loss mechanisms might have occurred. 
Temperature in compost windrows over time
An example of the weekly temperature measurement results for a single windrow over the entire composting process is presented in Fig. 2 . Significant temperature increases were observed relatively rapidly, reaching 60°C within the first week. The temperature peaked at about 80°C after 200-270 days. After each turning event, the temperature within the windrows decreased markedly and settled below 70°C. At the end of composting (after more than a year) the temperature had reached 50-55°C. This development indicates that the microbial activity and waste decomposition was greatest in the first half of the composting process. The temperature data indicate that turning temporarily reduced temperature, and possibly, bioactivity within the windrows. At the first three turning events the temperature quickly returned to the same level after a large drop, whereas at turning events 4 and 5 (Fig. 2) , the temperature settled at a lower level. This could suggest that the turning events in this later period of composting facilitated a decrease in the degradation rate. In general, it is common in the early stages of composting to observe increasing temperatures followed by a stabilized temperature phase and then a decreasing temperature phase towards the end of composting. This trend has also been described by Beck-friis et al. (2000), Hellebrand (1998) , and Hellmann et al. (1997) . However, it is interesting in this work that temperatures were consistently above 50°C (thermophilic) over the entire composting period, even during the cooling/maturation phase. This result could be related to the size of the windrows. 
Compost gas composition
Cross-sectional gas concentration profiles in the windrows are presented in Fig. 3 . The average concentrations of the gases in all of the monitoring points (14×9 points = 126 points) were 8.8% O 2 , 17.7% CO 2 , 6.7% CH 4 , 138 ppmv N 2 O, and 51 ppmv CO respectively. CO 2 and CH 4 were produced primarily in the central parts of the windrows, where the lowest concentrations of O 2 were found. The concentration of N 2 O was more evenly distributed in the profiles but with slightly higher concentrations in the central parts. The concentration profiles indicate that a chimney effect (illustrated in Fig. 4 ) developed in the windrows due to the convective transport of gases. The highest concentrations of CO were found on the western side of the windrow. One possible explanation for this result is that the predominant wind direction on the days of measurement was from east to west, and this likely caused greater pressure and pore gas dilution on the eastern side of the windrow relative to the western side, which was sheltered from the wind. This same effect was also to some extent evident for the other gases ( Fig. 3) and O 2 concentrations were higher on the eastern side of the windrow, presumably due to winddriven aeration. The gas composition and distribution results are consistent with the range of microbial processes that are typically expected to occur in a composting system. Oxygen consumption and CO 2 production provided evidence of aerobic degradation processes, while CH 4 and CO 2 production provided evidence of anaerobic (methanotrophic) degradation processes. Production of N 2 O indicated that nitrification and/or denitrification also occurred. Accumulation of CO occurs commonly in windrows when oxygen is present (e.g., Hellebrand (1998) and Hellebrand and Kalk (2001) ). The gas composition in the windrows varied significantly over time, although some trends were evident (Fig. 5 ). The O 2 concentration was highest during early stages of composting (12-19%) and decreased with time, with concentrations reduced to 4-7% in most cases by the end the monitoring period. CO 2 , CH 4 , and N 2 O concentrations in the compost pore space generally increased over this same period and maximum concentrations for these three gases were observed within 200-350 days of composting. The peak concentration of CO was observed somewhat earlier than the other gases (180-250 days).
These gas concentration data indicate that the windrows studied in this work produced significant quantities of GHGs and suggest that windrows in general may serve as a source for GHG emissions to the atmosphere. Whether the gases were emitted depends on a range of processes in the windrows including CH 4 oxidation.
Gas emission patterns across compost windrows
The conventional model for gas emissions from compost windrows involves loss primarily occurring through the windrow top with ambient air entering at the windrow sides ( Fig. 4) . In this work, the chimney effect was investigated by measuring gas emissions with a small flux chamber at nine different locations across a windrow in a random place in the system (material age was 77 days). The flux measurement monitoring points covered the entire width of the windrow (see Fig. 4 ) and the distribution of fluxes across the windrow is presented in Fig.  6 . The nine flux measurements were collected successively over a 90 minute sampling period.
The fluxes at the nine points showed the same pattern for all gases measured. The highest fluxes were observed at monitoring points T1, T3, and T2 (located near the windrow top), and nearly all other points showed insignificant gas flux. These results suggest the development of conditions that are consistent with a chimney effect. The fluxes at T1 and T1+T2+T3 are compared to the fluxes from all nine points in Table 2 . Approximately 50% of the fluxes were captured when the flux chamber was used at point T1, while 85-100% was captured at points T1+T2+T3 combined. A significantly higher flux was observed at T3 (30-44 %) relative to T2 (1-12 %), likely due to wind effects. On the day the fluxes were measured, the wind came in from the west, thereby creating conditions for a diluted flux at T2. The higher pressure caused by the wind on the western side could also make the fluxes emerge on the eastern side of the windrow. The investigation indicates that most (>85%) of the gases vented through a narrow (1 m wide), chimney-like area in the top of the windrow. These results also confirmed that the flux chamber have to cover the top 1 m, and therefore the small flux chamber is not suitable for effectively sample and quantify gas emissions from a compost windrow. 
GHG emissions from compost windrows
An example of the flux of gases measured using the flux chamber method is presented in Fig. 7 . The R 2 values for linear regression are all ≥ 0.95. The gas concentrations levels off in the end of the measurement period, which means that the concentration build-up is only linear for the first 5 measurements in this case. The R 2 values for all 19 measurements were acceptable. They were: 0.9493 for CO 2 , 0.9502 for N 2 O, 0.9492 for CH 4 , and 0.9485 for CO. Fig. 8 shows the fluxes measured using the flux chamber method as a function of material age during two sampling events. The maximum fluxes observed were 121 g CO 2 h -1 m -2 , 9.5 g CH 4 h -1 m -2 , 0.33 g N 2 O h -1 m -2 , and 0.13 g CO h -1 m -2 . Fluxes were slightly lower at the beginning and end of composting. Measurements using the funnel showed similar fluxes (results not shown). Maximum fluxes were slightly higher than those reported by Beck-Friis et al. (2000) for composting of organic household waste (5.0 g CH 4 h -1 m -2 and 0.06 g N 2 O h -1 m -2 ). To provide a rough estimate of the annual GHG emissions from the facility, gas flux results from the flux chamber and the funnel measurements (F flux chamber and F funnel ; see [1] and [2]) were averaged over one year and scaled up for the whole site, by extrapolating the gas fluxes from the top area of the windrows to the whole length of all windrows (the entire area where the gases are assumed to escape). The estimated annual emissions using the flux chamber method were thus 107±30 Mg CO 2 -C yr -1 , 16±6.1 Mg CH 4 -C yr -1 , 0.44±0.03 Mg N 2 O-N yr -1 , and 0.08±0.06 Mg CO-C yr -1 . The emissions given in Mg yr -1 and as a percentage of the degraded element mass are presented in Table 3 and Table 4 together with the numbers for the three other methods used. In general, the results suggest that the small-scale methods (flux chamber and funnel) underestimated gaseous emissions. When relating the emissions to the C mass balance, it becomes evident that only 5.1±1.7% and 7.7±2.2% of degraded carbon was emitted as CO 2 as determined with the funnel and static flux chamber, respectively. The smallscale methods could only account for 5.7%/8.9% of the total C losses.
The total emission measurements that were performed with the dynamic plume method showed significantly different results. Average emissions were 732±88 kg CO 2 h -1 (1748±210 Mg CO 2 -C yr -1 ), 5.73±1.16 kg CH 4 h -1 (37.7±7.6 Mg CH 4 -C yr -1 ), 0.18±0.08 kg N 2 O h -1 (0.99±0.46 Mg N 2 O-N yr -1 ) and 0.63±0.30 kg CO h -1 (2.4±1.1 Mg CO-C yr -1 ) based on sampling events performed in October 2007 and April 2008. To estimate annual emissions, the emissions measured were assumed to be constant over the year and all the measurements (29 measurements during the two sampling events) have thus been averaged. On an element mass basis, the calculated loss of degraded C was 127±15% as CO 2 , 2.7±0.6% as CH 4 , and 0.34±0.16% as CO. In the case of N, about 23±11% of the degraded N was emitted as N 2 O. All the numbers for all methods are summarized in Table 4 and the total emission estimated for the dynamic plume method is presented in Table 5 .
The mean concentrations and the predicted emissions (in Mg yr -1 ) using the transport model are also given in Table 3 . The model-predicted N 2 O and the CO emissions were within the same order of magnitude as the empirical data measured with the three field methods, whereas the CH 4 emissions predicted by the model were significantly higher than measured in the field. The 381 Mg of CH 4 -C yr -1 predicted by the model equates to 28% of the C degraded during composting. The calculation performed using the model did not include diffusion or methane oxidation. It is expected that inclusion of the former in the model would have increased the predicted CH 4 emissions, while inclusion of the latter would have reduced predicted CH 4 emissions. 
Gas emission dynamics
The compost dynamics were investigated by measuring the flux of gases at the same monitoring points every three to four hours over a period of three days (funnel) and eight days (flux chamber). The variations in the fluxes over one of these monitoring points (representing material that is 150 days old) using the flux chamber are presented in Table 6 . The results show that the fluxes obtained in the chamber points varied significantly over the course of just a few hours, and by more than 4-fold over an eight day monitoring period (for the funnel this factor was between 9 and 10 for all gases). The standard deviations were fairly high for all gases measured, suggesting that the fluxes could be over-or underestimated compared to the average state depending on the time of measurement. The investigation did not account for seasonal nor meteorological variation, and it is therefore possible that the observed variations in gas emissions could be larger depending on the time of year. During the measurement period, the barometric pressure varied between 1001 and 1024 hPa, the wind speed between 1 and 5 m/s, and the only precipitation that was recorded was on day 2 (1 mm). The only trend observed was that the lowest fluxes were recorded during day 2, where 1 mm of rain fell on the windrows.
Looking at the emission dynamics for the overall site as obtained with the dynamic plume method, it was found that over a three hour period the measured emission variability was in the range 9-25 % for CO 2 and CH 4 (expressed as one standard deviation among all plume transects divided by the average). For CH 4 , two emissions measurements were collected 15 hours apart in October 2007 and again in April 2008. The results of the two CH 4 emission measurements for each sampling event differed by only 7-15 %. Table 6 . Fluxes of CO 2 , CH 4 , N 2 O, and CO during 8 days of composting at one location in the windrow system (representing approximately 150 days aged material). Measurements were performed using the flux chamber method.
Discussion
Relatively high concentrations of CH 4 were observed in the windrows at the Århus facility, particularly in the centre of the windrow where a maximum concentration of 44% was measured. These results indicate that fermentation was an ongoing process in some portions of , while another study on green waste (3 m high windrows) reported a maximum concentration of 1.2% (Hellebrand, 1998) . Beck-Friis et al. (2000) found the CH 4 concentrations in compost gas are correlated to the size of the windrow (increasing emissions with increasing height), which could explain the high concentrations of CH 4 in the compost gas at the Århus facility. In the study by Hellebrand (1998) , it was reported that N 2 O was only produced under aerobic conditions whereas in the present study N 2 O concentrations were highest in the anaerobic zones (suggesting production from the establishment of denitrifying conditions in certain portions of the compost material). The high concentrations of GHGs in the pore space within the windrows indicates that compost windrows could serve as a significant source of GHGs emissions if these gases are not degraded (e.g., via microbial oxidation or reduction) prior to release to the atmosphere. One of the traditional ways of determining gaseous emissions from landfills is to use static flux chambers (Scheutz et al., 2003 (Scheutz et al., , 2007 . This method has been adapted for measuring compost gas emissions by Beck-Friis et al. (2000) and Sommer et al. (2004) , but the method was not validated in either of those studies. A potential problem with the application of static flux chambers for this purpose is that the large spatial and temporal variations in emissions increase the difficulty in estimating whole-facility emissions, thereby necessitating the collection of numerous measurements.
The investigation of flux dynamics showed that the windrow system is highly dynamic and it is very difficult to accurately estimate windrow emissions using small-scale methods. The limitation of these methods could provide at least a partial explanation as to why GHG emissions in this study was underestimated; however, it cannot explain the whole discrepancy between the estimated emissions and the C mass balance. Meteorological conditions are another factor that likely could have a significant effect on the results of GHG emission measurements at compost facilities. In this work, however, meteorological variations were minor and there was no observed correlation between meteorological changes and the flux measurements during the flux dynamics investigation. Nevertheless, changes in pressure, wind and precipitation have been shown to be very important when measuring emissions from landfills (Christophersen and Kjeldsen, 2001 ) and could also have some effect in compost systems. Another reason for the underestimation of gaseous fluxes by using the small-scale methods could be related to the design and performance of chambers. Hutchinson and Livingston (2001) suggest that all non-steady-state chambers should include a vent tube due to changes in pressure in the headspace during sampling. Livingston and Hutchinson (1995) state that when employing flux chambers in highly porous substrates underestimation is likely due to leakage of the enclosed air. This suggests that the chamber technique is less suitable for porous materials (which garden waste must be categorized as) and more suited for soil measurements.
These points emphasize that one should be very careful when measuring GHG emissions with static chambers.
The small-scale methods were not found suitable for measuring gaseous emissions from composting of garden waste in windrow systems. Carbon losses measured with these methods were only 6-9% of the C degraded, indicating these methods can yield results that significantly underestimate actual emissions. It is recognized that there could have been some C loss in leachate and/or in other C containing gases (neither of which were quantified), but these losses are considered to have been minor and they have not been reported anywhere else in literature.
One solution could be to use the dynamic plume method for measuring the GHG emissions. It showed to fulfil the C mass balance within an acceptable range, 127±15% of the degraded C was lost as C, given an estimated overall absolute accuracy of about 18% for the method (Börjesson et al., 2009) . The reason why the CO 2 is overestimated could be due to the emission measurement method, errors on the chemical composition and thereby the C balance and time delay issues. The time delay issues could take place since the measured emission should be related directly to the mass of material that is present at the facility in that exact time period. In this study the gaseous emissions were related to the total mass in one year, because this number was the most exact available. The overestimated value could indicate that somewhat more waste material were present at the site at the two measuring campaigns than what estimated in the mass balance. The dynamic plume method has been used in other types of measurements at landfills and petrochemical plants, and is generally recognized as an effective method for quantifying gaseous emissions. As used in this work, however, the method did not account for seasonal variations because the measurements were collected over the course of just a few days. Nevertheless, the dynamic plume method was more accurate because it yield much better C mass balances than the small-scale methods. Emissions of NH 3 or other N containing gases were not measured, so an accurate N balance could not be performed. Also, different soluble species of N could have been lost with the leachate (nitrate, nitrite and ammonium). The latter, however, was assumed to be of minor importance.
Simulations with a simple transport model (Hellebrand, 1998) predicted an unexpectedly high emission of CH 4 (10 times greater than observed with dynamic plume measurements). The discrepancy between the model simulations and the dynamic plume measurements suggests that a number of assumptions in the model were not valid for the system in this study. Fig. 3 shows that the concentrations of gases are not evenly distributed in the windrows and the mean values that are calculated are thus very rough numbers. Also disproportional changes of concentration of the different gases were observed both in the compost pore space and in the flux of gases. Fig. 9 (top) shows the concentration of CO 2 and CH 4 in the compost pore space (from all measurements that were done at the site) plotted against each other. The CH 4 concentration is very low when the CO 2 concentration is below 20% but above 20% CO 2 the ratio is almost 1:1. The outer parts of the windrow (monitoring points A2, A3, B2, B3 and C3; represented by full line oval) are generally in the low end of the graph while the inner parts of the windrow (monitoring points A1, B1, C1 and C2; represented by dotted line oval) are generally in the high end of the graph. The bottom graph in Fig. 9 shows the concentrations of CO 2 and CH 4 in the off-gases measured inside the flux chamber and the funnel (all measurements). This graph shows that the ratio between CO 2 and CH 4 is much higher in the offgases which could indicate that some of the CH 4 is oxidized to CO 2 on its way out of the windrow. This is not taken into consideration in the transport model and this could be the explanation for the large differences in CH 4 emission estimates. There are clear indications of large changes in the proportions between the gases during composting. Thus the model cannot be used for all systems and especially not when high concentrations of CH 4 are detected. According to a guideline suggested by Amlinger et al. (2008) , a GHG emission factor (considering only CH 4 and N 2 O emissions) above 20-65 kg CO 2 -equivalents (eq.) Mg -1 ww (biowaste or VFG waste) could indicate a system mismanagement. The GHG emission factor measured by Amlinger et al. (2008) was close to this interval (9-68 kg CO 2 -eq. Mg -1 ww) which was the only apparent reason for this statement. In the present study the emission factor is 111±30 kg CO 2 -eq. t -1 ww (see Table 5 ), which could indicate that the management is not optimal. This could be due to the relatively high windrows and the low turning frequency. The total GHG emission could most likely be brought down with an optimized management of the compost facility. It is likely that smaller windrows and more frequent turning could facilitate lower production of CH 4 and N 2 O during composting, which could lead to decreased emissions.
The total contribution to global warming (CH 4 and N 2 O) is 1720 Mg CO 2 -eq. yr -1 , based on the GWP 100 given by IPCC (Solomon et al., 2007) . This however only includes the direct emissions from the process and not any GHG emissions related to the vehicle and machinery use during composting (from fossil CO 2 ). The latter is however considered to be marginal (Boldrin et al., 2009a) .
Conclusion
A comprehensive field investigation was performed at a garden waste composting facility in order to evaluate the composition and distribution of gases in compost windrow pore space and to quantify GHG emissions from the facility. The average concentrations of gases in the compost pore space were 8.8% O 2 , 17.7% CO 2 , 6.7% CH 4 , 138 ppmv N 2 O, and 51 ppmv CO. The results of simulations using a simple transport model suggest that measurements of compost pore space gas alone are not sufficient to estimate GHG emissions from compost facilities to the atmosphere.
Two small-scale methods (flux chamber and funnel) investigated in this work were found to significantly underestimate the GHG emissions from the composting facility, as the C measured by these methods accounted for only 6-9% of the C degraded. This result indicates that these methods did not effectively capture the total flux of gases emitted from the compost windrow system. In contrast, application of the dynamic plume method (total emission method) captured a significantly higher portion of GHGs, and found that 127±15% of the degraded C was lost as CO 2 , 2.7±0.6% as CH 4 , and 0.34±0.16% as CO. The measurements with the dynamic plume method generally agree with the overall C degradation during composting. Therefore, we conclude that use of a total emission method is required to accurately measure GHG emissions from full-scale composting facilities, which are too dynamic for small-scale methods. The total CH 4 and N 2 O emissions were found to be 2.4±0.5 kg CH 4 -C Mg -1 ww and 0.06±0.03 kg N 2 O-N Mg -1 ww from a facility treating 15540 Mg of garden waste yr -1 (2007), which adds up to 111±30 kg CO 2 -eq. Mg -1 ww.
This and other studies have found that compost windrow facilities may contribute significant concentrations of GHGs (specifically CH 4 and N 2 O) to the atmosphere. Therefore, compost facilities should be designed and operated so as to avoid the development of conditions that are prone to CH 4 and N 2 O production. For example, windrow width should be minimized in order to provide easier access of air and thereby avoid the establishment of strongly anaerobic conditions in the waste. Similarly, compost material should be turned more frequently to facilitate aeration. Compost aeration seems to be one of the most important parameters for minimizing GHG emissions at compost facilities.
